Aims/hypothesis The aim of this study was to compare estimates of body fat content, i.e. body adiposity index (BAI), BMI and waist and hip circumferences, with respect to their ability to predict the percentage of body fat (PBF; confirmed by magnetic resonance tomography) and incident type 2 diabetes. Methods Associations between anthropometric measurements and PBF were evaluated in the Tübingen Lifestyle Intervention Program (TULIP; 138 men, 222 women), and between these measurements and incident type 2 diabetes in the European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam study (9,729 men, 15,438 women) and the Cooperative Health Research in the Region of Augsburg (KORA) study (5,573 men, 5,628 women), using correlation and multivariate Cox regression analyses.
Introduction
The BMI has been selected by Keys et al. [1] as the best measure of body fatness, after Adolphe Quetelet first proposed the index (originally referred to as the Quetelet index) in 1871, and suggested that it was the best statistical approach to reflect growth patterns in humans. Since that time, the BMI has been the most commonly applied clinical measure to characterise obesity in individuals. However, given that, at the same BMI, the relative composition of fat mass vs lean body mass depends on age, sex and ethnicity [2] , the BMI has been criticised as frequently being an inaccurate measure of body fatness. Recently, a new index reflecting body composition, the Body Adiposity Index (BAI) was proposed [3] . It was derived from correlation and regression analysis of anthropometric measurements and percentage of body fat (PBF) measured by dual-energy X-ray absorptiometry (DXA) in samples of Mexican-American and black individuals. The BAI allows computation of PBF with the same formula for men and women using hip circumference and height, and thus does not require the application of complex and costly imaging methods or DXA. It may also be advantageous compared with other less costly field methods for the determination of PBF, such as the measurement of skinfold thickness or bioelectric impedance analysis, which have been criticised as being inaccurate [4, 5] .
A general and important question now is whether established and newly developed estimates of adiposity can precisely measure body fat content in men and women, who are known to have large differences in body fat content and body fat distribution. Bergman et al. [3] , for example, observed quite a strong correlation between body height and PBF measured by DXA, the main argument for including height in the calculation of BAI. However, this correlation may largely be driven by sex differences in both height and PBF. Thus, BAI seems to capture relative fatness as well as the well-established difference in body composition between men and women [6] . In contrast, BMI is an index of body adiposity specifically intended to be uncorrelated with height, and thus also not to reflect sex differences in PBF. The fact that BMI, together with sex, can be used to predict PBF quite accurately has been shown previously [7] . In addition, BAI was not more strongly correlated with PBF (measured by DXA) than BMI in a sex-stratified analysis in a recent study among black and white Americans [8] . However, it remains largely unclear whether the estimation of body fat using BAI involves any sex-specific, systematic error. Furthermore, BAI has not previously been compared with hip and waist circumferences as sex-specific correlates of body fatness. It is also questionable whether the estimation of PBF is advantageous in predicting obesity related risk markers or endpoints, such as type 2 diabetes, compared with BMI or body circumferences. No clear advantage has been seen in comparing PBF from DXA with BMI [9] , and data for BAI are, so far, lacking.
We have therefore aimed to compare BAI and established estimates of adiposity with respect to their ability to predict PBF estimated from magnetic resonance tomography (MRT) and their association with insulin sensitivity and incident type 2 diabetes among men and women.
Methods
Tübingen Lifestyle Intervention Program (TULIP) Data from 360 white Europeans from the southern part of Germany were included in the analyses. They participated in an ongoing study on the pathophysiology of type 2 diabetes [10] . Individuals were included in the study when they fulfilled at least one of the following criteria: a family history of type 2 diabetes, a BMI>27 kg/m 2 or a previous diagnosis of impaired glucose tolerance or gestational diabetes. All participants had measurements of body fat distribution determined by MRT and insulin sensitivity from the oral glucose tolerance test [10] . They were considered healthy according to a physical examination and routine laboratory tests. Informed written consent was obtained from all participants and the local medical ethics committee approved the protocol.
European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam study The EPIC-Potsdam study includes 27,548 participants: 16,644 women aged mainly 35-65 years and 10,904 men aged mainly 40-65 years, from the general population of Potsdam, Germany, recruited between 1994 and 1998 [11] . Informed consent was obtained from all participants, and approval was given by the Ethical Committee of the State of Brandenburg, Germany. The baseline examination included anthropometric measurements, a personal interview and a questionnaire on prevalent diseases and sociodemographic and lifestyle characteristics, as well as a validated semi-quantitative food frequency questionnaire. The anthropometric measurement procedures and measures of quality control have been previously described in detail [12, 13] . Briefly, body weights were measured using electronic digital scales, accurate to 100 g, with participants wearing only light underwear and after emptying the bladder. Heights were measured to the nearest 0.1 cm using a flexible anthropometer. Waist circumference was measured midway between the lower rib margin and the superior anterior iliac spine. Hip circumference was taken at the widest point over the greater trochanters. Both were taken to the nearest 0.5 cm and measured with a nonstretching tape applied horizontally, with proper use controlled by a mirror.
Follow-up questionnaires have been administered every 2-3 years. Response rates for follow-up rounds have exceeded 90%. Incident cases of diabetes were identified up to August 2005 via self-reports of a diabetes diagnosis, diabetes-relevant medication or dietary treatment because of diabetes. All cases were verified by the diagnosing physician using ICD-10 (www.who.int/classifications/icd/en/). After exclusion of participants with prevalent diabetes, with self-reported diabetes during follow-up but without confirmation by a physician, with missing follow-up time, and with missing covariate information at baseline, 9,729 men and 15,438 women remained for analyses. [14, 15] . A total of 13,871 individuals (6,891 men, 6,980 women; response: 67-77%) aged 25-74 years participated in ≥1 of the three cross-sectional studies. All participants were prospectively followed within the framework of the KORA studies. The incidence of diabetes was assessed using follow-up questionnaires sent to the participants in 1997/ 98, 2002/03 and 2008/09 (S4 only) or personal interviews conducted in 2006/08 (S4 only). Cases with self-reported incident diabetes were validated by contacting the treating physician or by medical chart review and only participants for whom the treating physician clearly reported a diagnosis of type 2 diabetes, or for whom a diagnosis of type 2 diabetes was mentioned in the medical records, or who were taking glucose-lowering medication, were classified as having type 2 diabetes. We excluded all individuals with prevalent type 2 diabetes at baseline (n0702) and with missing follow-up information concerning incident diabetes (n0 1,765). Furthermore, participants with incomplete data for any of the covariables (n0203) were excluded. Finally, the prospective analyses included 11,201 non-diabetic study participants (5,573 men, 5,628 women) aged 25-74 years at baseline. Written informed consent was obtained from each study participant, and the study was approved by the local authorities.
Baseline information on sociodemographic variables, physical activity level, and alcohol consumption was gathered by trained medical staff during a standardised interview. In addition, all participants underwent an extensive standardised medical examination that included the collection of a nonfasting blood sample. All measurement procedures have been described elsewhere in detail [14, 16] . Anthropometric measurements were taken after the participants had removed their shoes, heavy clothing and belts. Body weight was measured to the nearest 0.1 kg and height to the nearest 0.5 cm while the participants were wearing light clothing. Waist circumference was measured at the level midway between the lower rib margin and the iliac crest while the participants breathed out gently. Hip circumference was taken at the level of maximal gluteal protrusion [17] .
Statistical analysis BMI was calculated as body weight (kg) divided by squared height (m 2 ), the BAI was calculated using hip circumference and height (BAI0[hip (cm)/height (m) 1.5 ]−18) [3] . We used correlation analysis to compare BAI and other body fat measures with PBF, determined by MRT, in the TULIP study. To assess agreement between BAI and PBF from MRT and to detect any bias with the test method relative to the reference method, differences between the two respective methods were plotted against the mean, as suggested by Bland and Altman [18] . We estimated the RRs comparing quintiles of anthropometric characteristics, and for a 1 SD difference using Cox proportional hazards analysis separated for men and women in the EPIC-Potsdam and KORA studies. Study participants were censored at the date of diagnosis of diabetes, death or last follow-up ascertainment. We used information on covariates obtained from the baseline examination in multivariate analyses, including age, education, smoking, alcohol consumption and physical activity. We compared the discriminative power of anthropometric characteristics on risk of type 2 diabetes through receiver operating characteristic (ROC) curve analysis. Analyses were performed using SAS release 9.2 (SAS Institute, Cary, NC, USA) and JMP 5.1. All p values are two-tailed; p<0.05 was considered statistically significant.
Results
Baseline characteristics of the three study populations are presented in the electronic supplementary material [ESM] Table 1 . Participants in the TULIP study were on average slightly younger (men: 46 years, women: 45 years) and had larger mean BMI and waist and hip circumferences compared with participants of EPIC-Potsdam (52 and 48 years) and KORA (49 and 48 years). Table 1 shows the correlation between anthropometric variables and both PBF determined by MRT and insulin sensitivity in the TULIP study. Height was inversely associated with PBF in the whole study population (r0−0.40). Hip circumference was considerably more strongly correlated with PBF than waist circumference. In addition, BMI was more weakly correlated with PBF than BAI (r00.65 vs 0.83, p<0.001). Correlations were considerably different if men and women were investigated separately. While hip circumference was most strongly correlated with PBF among women (r00.88), waist circumference showed the strongest correlation of all anthropometric variables among men (r00.84). BMI was more strongly correlated when sexes were analysed separately. Particularly among men, BAI appeared not to be a good measure of PBF (r00.68) compared with BMI (r00.81; p<0.001). Figure 1 shows Bland and Altman's limits-of-agreement plots between PBF estimated by BAI and MRT. BAI overestimates PBF among men (mean difference: −3.0%) and only slightly underestimates PBF among women (0.4%). This error is dependent on the absolute amount of body fat, particularly among men. No large differences between men and women were apparent with regard to correlations of anthropometric (Table 1) . BAI (r0−0.50) was slightly more weakly associated with insulin sensitivity than BMI (r0−0.57, p00.044). Waist circumference showed the strongest correlation with insulin sensitivity among men and women, although correlations were not statistically significantly different from those for BAI. During the 7 years of follow-up we observed 849 incident cases of type 2 diabetes (492 men, 357 women) in EPIC-Potsdam. In the KORA study, 574 incident cases of type 2 diabetes (340 men, 234 women) were observed during a mean follow-up time of 9 years. All anthropometric measurements were significantly positively associated with diabetes risk in men and women independent of age, and adjustment for other diabetes risk factors had only a small impact on these associations ( Table 2 Evaluating quintiles, we recorded nearly log-linear associations of anthropometric measurements with diabetes risk (Fig. 2) ROC analyses revealed that, compared with models using BAI, models including BMI or waist circumference had higher discrimination accuracy, while models with hip circumference showed similar performance ( Table 2, ESM Fig. 1 ). 
Discussion
By using the MRT technique we addressed the first aim of the study: to compare estimates of body fat content, i.e. BAI, BMI, and waist and hip circumferences with respect to their ability to predict PBF. Over recent years, MRT has proved to be a reliable tool for the very accurate assessment of total body fat content and body fat distribution. Simple T1-weighted techniques enable valid differentiation between lean tissue (mainly muscle and organs) and adipose tissue, owing to the different longitudinal relaxation times of protons bound to water and fat. We observed stronger correlations of waist circumference among men and hip circumference among women with PBF compared with BAI. The BAI was not a better predictor of PBF compared with BMI when considering men and women separately. This appears to be in contrast to the observation by Bergman et al. [3] , who reported that BAI was considerably better correlated with PBF than BMI. However, this observation seems largely to have been driven by capturing sex differences in height and PBF when evaluating BAI in a mixed sample of men and women. Height was neither in men nor women a predominant determinant of PBF in our study. Our findings corroborate those from a recent study comparing BAI and BMI with PBF determined by DXA among black and white Americans [8] . Here, BAI was more strongly correlated with PBF than BMI when data from men and women were pooled. However, BAI was not superior compared with BMI in reflecting PBF in sex-stratified analysis. Our data also indicate that waist circumference is by far the better indicator of PBF among men compared with hip circumference. Calculation of BAI would, therefore, result in unnecessarily inaccurate estimates of PBF among men. If body circumferences are to be implemented to better reflect PBF in men and women, there likely needs to be a sexspecific approach with measurements of hip circumference among women and waist circumference among men. Whether this is indeed an improvement to the use of BMI appears uncertain-waist and hip circumference were only slightly more strongly correlated with PBF than BMI. In addition, while waist circumference is not only a measure of general body fatness but also recommended for clinical practice as a measure of abdominal or central adiposity [19] , the biological interpretation of hip circumference is less straightforward as it may reflect the accumulation of subcutaneous fat, greater gluteal muscle mass, or larger bone structure.
We then addressed the second aim of the study: to investigate the ability of estimates of body fat content to predict incident type 2 diabetes. BAI showed considerably weaker associations with diabetes risk than did BMI and waist circumference among men. Among women, associations with diabetes risk were relatively similar for BAI and BMI, but considerably weaker compared with waist circumference in one of the two cohorts. ROC analyses showed generally superior discrimination with BMI or waist circumference compared with BAI.
Whether the determination of PBF has advantages for the determination of metabolic risk factors of chronic disease risk compared with the classical determination of BMI or the measurement of circumferences has not clearly been shown so far. In a representative US population, BMI and waist circumference were correlated similarly well with biological risk markers compared with DXA measurements [9] . Similarly, objectively measured PBF from DXA [20] [21] [22] , MRI measurements [23] or air-displacement plethysmography [24] was not more strongly related to cardiovascular risk factors than BMI or waist circumference in other studies. Our data suggest that an even more imprecise determination of PBF by calculating BAI based on measurements of hip circumference and height does not provide a meaningful alternative to BMI.
In a meta-analysis of prospective studies that evaluated BMI and waist circumference simultaneously, a 1 SD difference in BMI was slightly more weakly associated with risk (RR: 1.72 [95% CI 1.47, 2.02]) than waist circumference (RR: 1.87 [95% CI 1.58, 2.20]) [25] , which is corroborated by our findings. This suggests that anthropometric measurements that capture abdominal adiposity are alternatives to BMI in assessing type 2 diabetes risk in clinical practice and public health surveillance. However, both waist and hip circumference measurements involve difficulties in defining the measurement site and involve greater measurement error than the estimation of body weight and height [12, 26] .
While the TULIP study population used to evaluate estimates of body fat content with respect to their ability to predict PBF from MRT was larger than the initial validation cohort (Triglyceride and Cardiovascular Risk in African-Americans study), it was considerably smaller than the BetaGene study used to derive the BAI [3] and another subsequent validation among White-and African-Americans [8] . Further subgroup analyses, for example by overweight/obesity status, were therefore not possible in TULIP. In addition, the TULIP study mainly included high-risk individuals, limiting the generalisability of our findings.
In conclusion, the BAI is not a better predictor than BMI of PBF determined by MRT. Waist and hip circumferences are determinants of PBF in a sex-dependent manner. In addition, BAI was not more strongly associated with diabetes incidence than BMI, and waist circumference was the strongest predictor in two large prospective studies in both sexes. The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report.
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